Efficient water management is essential for the survival of vascular plants under drought stress. While interrelations among drought stress, plant anatomy and physiological functions have been described in woody dicots, similar research is very limited for non-palm arborescent and shrubby monocots despite their generally high drought tolerance. In this study, potted transplants of Dracaena marginata Lam. in primary growth stage were exposed to several short-and long-term drought periods. Continuous measurements of sap flow and stem diameter, the evaluation of capacitance and leaf conductance, the quantification of nonstructural carbohydrates (NSC), and organ-specific anatomical analyses were performed to reveal the mechanisms promoting plant resistance to limited soil moisture. The plants showed sensitive stomata regulation in the face of drying soil, but only intermediate resistance to water loss through cuticular transpiration. The water losses were compensated by water release from stem characterized by densely interconnected, parenchyma-rich ground tissue and considerable hydraulic capacitance. Our results suggest that the high concentration of osmotically active NSC in aboveground organs combined with the production of root pressures supported water uptake and the restoration of depleted reserves after watering. The described anatomical features and physiological mechanisms impart D. marginata with high resistance to irregular watering and long-term water scarcity. These findings should help to improve predictions with respect to the impacts of droughts on this plant group.
Introduction
The efficient retrieval of water, its storage and distribution within the plant body, and the prevention of enormous water losses are among the essential prerequisites driving the resistance of vascular plants to water deficiency. While mechanisms underlying the long-term survival of woody dicots in dry environments are well described (e.g., Ryan 2011 , Brunner et al. 2015 , Fang and Xiong 2015 and citations therein) , less information is available regarding the water management of arborescent and shrubby monocots experiencing water deficit Sinclair 1992, Nadezhdina et al. 2015) . Despite the increasing intensity of calls for research into the relationship between anatomy and function in non-palm arborescent monocots (Schwager et al. 2010 , Carlquist 2012 , Haushahn et al. 2014 , no substantial progress has so far been made in this area.
The genus Dracaena is a numerous group of non-palm arborescent and shrubby monocots (~120 species) distributed across a variety of habitats (from tropical rainforests to arid semi-deserts), where they form an important component of local ecosystems (Marrero et al. 1998 , Adolt and Pavliš 2004 , Brown and Mies 2012 . The expansion of this genus across the wide spectrum of biomes illustrates a high degree of adaptability to local conditions including different water availability. Although the anatomy and morphology of the leaves (Klimko and WilandSzymańska 2008 , Denk et al. 2014 , Nadezhdina et al. 2015 and vascular system (Carlquist 2012 , Jura-Morawiec and Wiland-Szymańska 2014 , Jura-Morawiec 2015 have been described in some Dracaena species, no systematic research assessing water relations appears to exist for any of the representatives of this genus. This information is, however, urgently required for a better understanding of the gradual extinction of Dracaena populations in some regions due to their long-term aridification (Habrová et al. 2009 , Rejžek et al. 2016 ) and for improving predictions regarding the impacts of ongoing climatic change on this plant group (IPCC 2013) .
Dracaena marginata Lam., also known as 'red-edged dracaena' or 'the Madagascar dragon tree', is frequently used as an ornamental foliage plant. This shrub-like plant is native to the whole of Madagascar and Mauritius, islands characterized by a seasonally dry climate and a high variability of precipitation (Dewar and Richard 2007) . Dracaena marginata is generally known for its extraordinary tolerance to irregular irrigation, yet it has still not been revealed whether or not its drought resistance originates from the specific anatomical traits and physiological mechanisms commonly exhibited by woody dicots.
Considering the whole plant body, leaf traits play a prominent role in the prevention of water loss, as they are particularly important organs actively regulating the quantity of transported water through the whole plant system. Consistent with the greater need for water conservation, the reduced permeability of the cuticle to water (Riederer and Schreiber 2001) , the modified structure of stomata reducing evaporation (e.g., encryption; Roth-Nebelsick et al. 2009 and the enhanced sensitivity of stomatal regulation (Addington et al. 2006) can frequently be observed in leaves of xerophytic species. Such xeromorphic traits can typically be found in the amphistomatous leaves of 'dragon trees' inhabiting Mediterranean and semi-desert biomes (Klimko and Wiland-Szymańska 2008) . The only slightly bulging stomata of D. marginata, however, apparently lack any xeromorphic traits, suggesting that they are a potentially weak component with respect to the efficiency of the water saving system (Klimko and Wiland-Szymańska 2008) .
The stem can significantly contribute to overall water storage and its properties affect water delivery to leaves during drought stress. The parenchyma-rich trunks of some stem succulent species growing in seasonally dry environments (e.g., Adansonia sp.) are well designed to store great amounts of water (Chapotin et al. 2006a) . Among other functions, water release from storage compartments is utilized to buffer transpirational demands on both a daily and seasonal scale, and thereby plants are protected from the hydraulic failure of xylem (Scholz et al. 2011) . Apart from water, plants exposed to drought also accumulate higher amounts of osmotic compounds in their vegetative organs in order to promote water retention and keep their cells turgid (Fang and Xiong 2015, Blum 2016) . Specific structural adjustments of the water transporting pathway in stems are among other adaptations to arid conditions. Some dryland shrubs, for instance, have developed modular xylem in their segmented stems to reduce the spread of embolism (Schenk et al. 2008) . In stems of Dracaena plants, the vascular system consists of primary collateral bundles similar to other monocotyledonous species, but, with ongoing growth, it contains also secondary amphivasal bundles. Both types of bundles are surrounded with ground tissue composed from parenchyma cells (Carlquist 2012) . The relatively narrow tracheids in stems illustrate their generally low conductive capacity (Carlquist 2012) , which is consistent with the substantially lower sap flow rates measured in seedlings of Dracaena draco and Dracaena cinnabari (Nadezhdina et al. 2015 ) compared with some vesselbearing arborescent monocots, like date palms (Sperling et al. 2012) . Much less is known about the significance of the prevailing ground tissue for water management, although there are some indications that it may participate in the storage and extra-fascicular transport of water and assimilates (JuraMorawiec and Wiland-Szymańska 2014) .
Roots represent the principal component of the plant body responsible for the exchange of solutes between plant and drying soil. The pronounced formation of apoplasmic barriers (Barrios-Masias et al. 2015) , sensitive aquaporin regulation (Maurel et al. 2015) and mechanical damage to cortical cells in fine roots (Cuneo et al. 2016) are among the mechanisms of dynamic response allowing the optimization of water uptake/ loss during low soil water potentials. In contrast to dicot woody species, xylem in adventitious roots of Dracaena species contains vessels (in primary vascular bundles) and also tracheids (in secondary vascular bundles). Xylem conduits in roots are not directly connected to tracheids in stems, but end blindly in the ground tissue (Carlquist 2012) . Since roots are assumed to be organs that are highly vulnerable to drought-induced embolism (Martínez-Vilalta et al. 2002 , Domec et al. 2009 ), the hydraulic isolation of aboveground organs from roots may restrict the spread of embolism originating in roots and limit water loss from the succulent aboveground organs to dry soil (Ewers et al. 1992) .
The main aims of this study were to describe water management and hydraulic behaviour in D. marginata plants in primary growth stage during conditions of soil drought, and reveal specific interrelations among anatomy, physiological functions and the ability to tolerate limited soil water availability on a long-term basis. One important task was to integrate the significance of the specific mechanisms studied separately in different organs in order to gain a more complex view on the resistance of D. marginata to drought stress.
Materials and methods

Plant material and experimental design
Four cutting transplants of D. marginata Lam. were used for the experiments. The plants were commercially produced and grown in 5 l containers in a peat substrate. All of the plants were of similar size having a main stem (~70 cm long) branched into three to four narrower terminal stems of~1 cm in diameter (Table 1) . The secondary growth was not observed in all of the experimental plants used. The plants were randomly split into pairs, which were exposed to two different watering regimes in order to investigate plant responses to lower and higher levels of drought stress (Figure 1 ). Plants were placed into a ZVK E-008 growth cabinet (Váha, Kladno, Czech Republic) set for a day/night cycle of 14/10 h (day period 6:00-20:00 h; photosynthetic photon flux density 500 μmol m −2 s −1 ) at 25/15°C and 30/90% of relative humidity-corresponding to a vapour pressure deficit (VPD) of~2.2/0.2 kPa. The conditions in the growth cabinet were continuously measured in 1 min intervals and stored as 5 min averages using a Minikin TH temperature and humidity sensor (EMS Brno, Brno, Czech Republic). The soil water potential (Ψ S ) was continuously monitored with GB2 gypsum blocks (Delmhorst, Towaco, NJ, USA) installed~5 cm below the soil surface and the acquired data were recorded with a MicroLog SP3 datalogger (EMS Brno). The first pair of plants (D1, D2) was allowed to acclimate to the set conditions for 10 days. During this period, the plants were watered regularly to keep Ψ S above −0.1 MPa at all times [soil water content (WC S ) of~1.5 g g −1 ]. When the period of acclimation was finished, plants were subjected to a series of drought periods interrupted by single watering events (2 l each), each drought period typically lasting for 4-7 days. In total, the first pair of plants underwent four drought periods (Figure 1 ). After the last watering, the soil was allowed to desiccate until Ψ S dropped below −1.5 MPa (WC S~0 .6 g g −1
) and the sap flow in the main stem had been reduced to a minimum. Immediately after the last drought period, measurements of plant water potential (Ψ P ), anatomical analyses and extractions of cell sap were performed during night hours (see sections below for details). Simultaneously, all leaves were excised from each plant, scanned for total leaf area (LA), and oven-dried at 70°C for 24 h to quantify total leaf dry weight (LDW). Subsequently, the leaf mass per area ratio (LMA) was calculated as LDW/LA.
The second pair of plants (D3, D4) was exposed to treatment characterized by more intensive drought conditions. The plants were left to acclimate to the set conditions similar to the first pair. When the period of acclimation was over, the plants were exposed to an initial drought period lasting for~25 days. The substrate was then rehydrated by a single watering event (2 l) and the plants were exposed to a further period of drought lasting for 10 days. Then, the last watering event followed and the substrate was allowed to desiccate until Ψ S dropped below −1.5 MPa and the sap flow in plants had been reduced to minimum. The plants were subsequently processed similar to the first pair.
Aside from the four drought-treated plants, another two sets of four plants were used to quantify the amount of non-structural carbohydrates (NSC) and to test the presence of root pressures (see sections below for details). Prior to the experiments, these plants were regularly watered every 4-7 days and kept in laboratory conditions (VPD~1.4 kPa) under natural light for 4-6 months until they were processed.
Sap flow and changes in stem diameter
Sap flow and changes in stem diameter (D S ) were continuously recorded during both drought treatments. The heat field deformation (HFD) technique was used to measure LA-specific sap flow per section (SFS) in the main stem (for details of the principle, see Nadezhdina et al. 2012) . Three-point HFD sensors (containing thermocouples at regular 6 mm intervals) and a linear heater (Dendronet, Brno, Czech Republic) were inserted halfway up the stem, perpendicular to the stem axis. The depth of the sensors was set to uniformly cover the entire crosssectional area of the stem. The sensors were thermally insulated from the stem and additionally from the surroundings with mineral cotton wool and aluminium foil to minimize the effects of temperature disparities. Data were acquired in 20 s intervals and stored as 5 min averages with a Midi12 multichannel datalogger (EMS Brno). When the treatment was finished, a 25-cm-long, thermally isolated stem segment containing the installed sensors was excised from the plant. Both cut ends of the segment were tightly sealed with parafilm and the segment was left in the growth cabinet for the next 24 h, while the rest of the plant was immediately processed. The data acquired within this period were used to evaluate zero flow and were subsequently used for correction of the original SFS values measured during both treatments. As the observed changes in SFS velocity were found to be well synchronized across all three measured stem depths, an average value was calculated from the three corrected SFS records for each plant. A DG25 stem diameter sensor (EMS Brno; detection range 5-25 mm) was installed 10 cm above the base of the main stem close to the sap flow sensors. Changes in D S were continuously recorded in 1 min intervals and stored as 5 min averages with the Minikin Pi dataloggers (EMS Brno).
Leaf conductance
Leaf conductance (g L ) was measured on three leaves randomly selected from the central part of the crown with an AP4 leaf porometer equipped with a PSH1 sensor head (Delta-T Devices, Cambridge, UK). After calibration, the chamber was attached to the leaf and g L was measured both during the day (~12:00 h) and night (~0:00 h) on D3 and D4 plants. The measurements were conducted repeatedly during both drought periods and after watering events (Figure 1 ) on both the adaxial and abaxial sides of the leaves in three distinct regions relative to their longitudinal axes-basal, central and terminal.
Measurements of plant water potential
At the end of the treatment period, plant water potential (Ψ P ) was measured on leaves sampled from the upper part of the crown (Ψ PL ), on the stele from the upper (just below the branching, Ψ PSU ) and lower regions of the main stem (10 cm above base, Ψ PSL ), and on segments of primary roots (Ψ PR ). The samples were excised from plants exposed to the night regime for at least 2 h, immediately inserted into previously calibrated and clean C-52 psychrometric chambers (Wescor, Logan, UT, USA), and equilibrated for 2 h in thermally stable conditions. Microvolt readings were then obtained with a HR-33T Dew Point Microvoltmeter (Wescor) and the outputs were converted to water potential according to the calibration curves.
Anatomical measurements
Stomatal density (DE ST ) was quantified with the aid of an impression technique applied to three leaves (taken from the upper, middle and lower parts of the crown) of both D3 and D4 plants. The impressions were taken from both the adaxial and abaxial sides of the leaves in three distinct regions (basal, central and terminal) , observed with a BX51 light microscope (Olympus, Tokyo, Japan) at 100× magnification, and photographed with an SLT-A35 digital camera (Sony, Tokyo, Japan). The stomatal density was then calculated from areas of 1-3.5 mm 2 . The length of the stomatal aperture (L ST ) was measured on 54 stomata from each of the leaf regions and sides with the aid of ImageJ software v. 1.42 (https://imagej.nih.gov/ij).
Cross-sections of leaves (made through the middle parts of three leaves taken from the upper, central and lower crown region), the main stem (10 cm above base) and three primary roots (in the middle of their length) were made with a GSL 1 sledge microtome (Swiss Federal Research Institute WSL, Birmensdorf, Switzerland) for each of the four plants. The sections were observed in both bright field and with a BX51 epifluorescence microscope equipped with a mercury lamp (Olympus; filter set U-MWBV2) at up to 400× magnification and photographed with the digital camera. Total leaf cross-sectional area (LCSA), maximal leaf thickness (LT), mean cuticle thickness (CT) and the relative proportions of sclerenchyma in leaves (SCL) were quantified using ImageJ. The parameter CT was measured in three randomly selected regions in each of the leaves regardless of its side.
The~40 μm thick cross-sections of the stem and primary roots were stained with a mixture of 0.35% safranin and 0.65% alciane blue (w/v) for 3 min, thoroughly washed in distilled water and observed in bright field. The proportions of stele and cortex, the proportions of parenchyma, and the double wall thickness (DWT) of parenchyma cells in the cortex and in the central and marginal regions of stele were determined with the aid of image analysis of the stem cross-sections. Similarly, the proportions of stele and cortex, and the DWT of exodermal and endodermal cells were measured in primary roots. The proportions of parenchyma in the stem were calculated by subtracting the area occupied by vascular bundles (xylem, phloem and sheath) from the total stem area in cross-section. Considering the irregular tertiary thickening of endodermal cell walls, the DWT of endodermal cells was measured in the centripetal region of their radial walls, where the thickness was generally the greatest.
In addition, 5 mm thick blocks of stem and primary root were immersed in FineFix (Milestone, Sorisole, Italy) and ethanol solution (1:2.57; v/v) for several days, then dehydrated in an ethanol series (70%, 90% and 96%; 4 h each step) using a CPD 030 critical point dryer (Bal-Tec, Balzers, Liechtenstein) and coated in a 5 nm platinum layer with a Q300T T sputter coater (Quorom Technologies, Laughton, UK). Subsequently, the parenchymatic tissue was observed under a high vacuum using a MIRA 3 XMU scanning electron microscope (Tescan Orsay Holding, Brno, Czech Republic) at 4 kV.
One cross-section was additionally made from the main stem and a primary root of each plant, stained in a drop of 5% Lugol's solution for 2 min, briefly washed in distilled water, and observed Tree Physiology Online at http://www.treephys.oxfordjournals.org in bright field for the presence of starch grains. Similarly, fructan polysaccharides from an inulin series were visualized in sections of stems and primary roots using polarized light after 1-weeklong treatment in 70% ethanol.
Hydraulic capacitance
A segment of primary root (2 cm long) and a sample of stem stele (a 2 cm 3 large block excised~10 cm above the stem base)
were prepared from each of the D1-D4 plants (and additionally from two other individuals) and used to quantify the hydraulic capacitance (C) of both organs. Initially, the samples were vacuum-infiltrated in distilled water for 12 h. The samples were then firmly blotted to remove excess water and their size was reduced to 5 mm with a sharp razor blade. Subsequently, the fully saturated samples were weighed using a XS205 analytical balance (Mettler-Toledo, Giessen, Germany) and immediately inserted into C-52 psychrometric chambers, where they were allowed to equilibrate for 2 h. After equilibration, Ψ P was measured with the HR-33T Dew Point Microvoltmeter as described above and the samples were left to dehydrate on a laboratory bench for 10-15 min. After this period, the combined process of weighing, equilibration, Ψ P measurement and dehydration was repeated several times until the Ψ P of the sample dropped below −1.5 MPa. Afterwards, the samples were dried in a laboratory oven at 70°C for 24 h and the sample dry weight and volume (measured using a slide calliper) were precisely determined. Cumulative water release (CWR) was calculated for each of the repeated measurements according to the following equation:
where W f is the weight of the sample dehydrated on the laboratory bench, W d is the weight of the dry sample, W s is the weight of the fully saturated sample and ρ is the sample density calculated from the sample dry mass and its volume. Values of CWR were plotted against Ψ P and all of the points were fitted with a linear mixed-effects model to obtain a water release curve. The hydraulic capacitance was then calculated for each sample as:
In addition, the osmotic potential of the primary roots (π R ) and stem stele (π S ) was considered as equal to the Ψ P of fully saturated samples and derived from the C measurements of the D1-D4 plants. Based on the known Ψ P in the native state, the relative water contents of the fresh samples (RWC) were derived from the slopes of the water release curves and Eq. (1).
Analyses of non-structural carbohydrates
Fresh samples of the upper part of the main stem and three primary roots were excised from each of the D1-D4 plants and squeezed with a hand press to obtain at least 1 ml of cell sap (i.e., the liquid content of the squeezed tissues), which was subsequently stored frozen for further analysis. A phenol-sulphuric acid method described in Albalasmeh et al. (2013) was used to quantify the concentration of soluble NSC (c S ) in the cell sap spectrophotometrically. The defrosted cell sap was diluted 10 times with demineralized water, and 50 μl of the diluted sap was adjusted to 2 ml. The dilution was mixed with 1 ml of 5% aqueous solution of freshly prepared phenol (>99.5%; Sigma-Aldrich, St Louis, MO, USA) and subsequently with 5 ml of concentrated sulphuric acid. The mixture was twice vortexed (with a 10 min break) and left in a water bath at 23°C for 20 min. Then, the absorbance was measured at 490 nm using a UV-5100 spectrophotometer (Shanghai Metash Instruments, Shanghai, China). Each of the samples was measured in two repetitions. Reference solutions of glucose (Sigma-Aldrich) were used as standards.
Another set of four D. marginata plants was analysed to determine the amounts of fructose, glucose, sucrose, ribose, xylose, fucose, arabinose, mannose, galactose and rhamnose. This was accomplished by means of a high-performance liquid chromatographic method with evaporative light scattering detection (HPLC/ ELSD), similar to that described in Ma et al. (2014) . Samples of three leaves from the central part of the crown, of the upper and lower parts of the main stem, and of three primary roots were oven-dried at 70°C for 48 h, homogenized using a Mixer Mill MM 400 (Retsch, Haan, Germany) and stored in the refrigerator until analysis. In two repetitions, 50 mg of the homogenized sample was mixed with 1 ml of HPLC gradient grade methanol (Fisher Scientific, Loughborough, UK) and 1 ml of demineralized water in an extraction vial. The solution was shaken on a GS-20 orbital shaker (15 min, 150 rpm, room temperature; Miulab, Hangzhou, Zhejiang, China) and then extracted in a VGT-1860 QT ultrasonic bath (15 min, 60°C; GT Sonic, Meizhou, Guangdong, China). Then, the samples were centrifuged (10 min, 6000 rpm) and the supernatant was filtered through 0.45 μm LUT syringe filters. Analytical grade standard stock solutions (Sigma-Aldrich) of each of the analysed carbohydrates were freshly prepared each day as aqueous solutions at a concentration of 10,000 mg l −1
. The amount of selected soluble NSC (a S ) was analysed using a 1260 Infinity modular chromatographic system (Agilent Technologies, Santa Clara, CA, USA). Chromatographic separation was carried out on a Zorbax NH 2 column (250 mm × 4.6 mm I.D., 5 μm, 30°C; Agilent Technologies). The mobile phase for isocratic elution consisted of HPLC gradient grade acetonitrile with water (75:25, v/v; Fisher Scientific). Twenty microliters of sample or standard solution was injected into the HPLC/ELSD system with the flow-rate set to 1.0 ml min 
Root pressure
Prior to the experiment, the substrate under two plants was left to desiccate for 20 days, while the other two plants were kept well-watered (Ψ S > −0.1 MPa) for 1 week (a further set of D. marginata plants). The basal parts of the primary roots (at the junction with the main stem) were cleaned of substrate using a brush, cut off with a razor blade, and immediately connected to a QBE63-DP01 pressure transducer (Siemens, Zug, Switzerland) with a silicone tube filled with aqueous, degassed 10 mM KCl solution. The data were acquired in regular 1 min intervals using Wix 1.7.6.0 software (Papouch, Prague, Czech Republic) for at least 24 h. Thirty minutes after the experiment began, the soil substrate was fully rehydrated in all four plants. Five days after the experiment, an image sequence (11 s intervals, 50 images in total) showing root exudation was acquired from a root cut from a well-watered plant using a SZX7 stereo microscope (Olympus) and the digital camera connected to QuickPhoto Micro 3.1 software (Promicra, Prague, Czech Republic).
Data analyses
The physical quantities referred to in the text are listed in Table 2 . Results are presented in the form mean ± standard deviation (SD). All statistical approaches were conducted in R (R Development Core Team 2016). Student's t-test for independent samples or one-way ANOVA followed by Tukey HSD post-hoc test were used to test differences between the analysed traits until stated otherwise. The water release curves were fitted using a linear mixed-effects model from the nlme library with individuals set as the random effect and Ψ P set as the fixed effect with an allowed random slope. Results were considered statistically significant at P ≤ 0.05.
Results
Sap flow and changes in stem diameter
All tested plants responded sensitively to changing water availability in soil and showed similar reactions when rehydrated. Immediately after watering, SFS started to increase and reached approximately half of its maximum value during the first day (Figure 2) . Concomitantly with the refreshed transpiration, a gradual increase in D S was observed during the first day and night, suggesting the restoration of depleted reserves (Figure 2) . In both treatments, positive root pressures were detected immediately after watering (see Movie S1 available as Supplementary Data at Tree Physiology Online), when the root pressure started continuously to increase and reached up to 1.0 kPa within 24 h.
Maximum SFS values were observed typically during the second or third day after watering, when they reached between 29 and 38 g cm −1 m −2 h −1 with no apparent differences
between the pairs of the tested plants (Figure 2 ). The maximum daily SFS values were typically 4-9 times higher compared with Tree Physiology Online at http://www.treephys.oxfordjournals.org the minimum SFS values measured at low Ψ S (Figure 2 ). We also observed positive SFS values during night, when Ψ S was above −0.1 MPa (Figure 2 ). The nocturnal SFS values typically culminated during the second or third night after watering, when they reached 4-13% of the daily maximum. From the second day after watering, we also detected regular diurnal fluctuations in D S , which inversely reflected the diurnal cycle in SFS ( Figure 3A) . The diurnal fluctuations in D S accounted for~0.05-0.2 mm, corresponding to 0.3-1% of D S . When Ψ S decreased below approximately −0.1 MPa, both daily and nocturnal SFS values were reduced and reached a minimum at Ψ S lower than −0.3 MPa, when the nocturnal sap flows had stopped and daily SFS values were 4-5 g cm
( Figures 3B and 4 ; see Figure S1 available as Supplementary Data at Tree Physiology Online). During minimum SFS, the diurnal changes in D S disappeared and stem shrinkage was detected ( Figure 3B ). The decreases in D S occurred in a step-like pattern, such that a sudden decrease was initiated during late afternoon, after which the D S was maintained at a relatively constant level until the following afternoon, when the drop in D S was repeated ( Figure 3B ). These afternoon steps lasted~1-4 h and resulted in a D S decrease of~0.2-0.8% in each step (corresponding to 0.03-0.18 mm). In D3 and D4 plants, the 25-day-long drought period induced a total decrease in D S of 0.6-0.8 mm ( Figure 2C and D). During this period, the magnitude of SFS was gradually decreasing, but its typical daily dynamic was preserved ( Figure 2C and D).
After a single watering event, the original D S measured prior to the long-term drought period was not reached, suggesting a plant's inability to fully replenish its water reserves during one day ( Figure 2C and D) . According to the slope of increasing D S , the replenishing rate was~0.019 ± 0.005 mm h −1 (n = 4). In contrast, watering at relatively short intervals (5-7 days) facilitated the maintenance of D S at a relatively stable level (±0.12 mm; Figure 2A and B), but the replenishing rate was twofold lower (0.010 ± 0.003 mm h −1
, n = 8) compared with the D3 and D4 plants.
Leaf conductance
Several significant differences were observed in g L with respect to soil water availability (well-watered vs drought), time of day (day vs night) and leaf region (adaxial vs abaxial side; basal vs central vs terminal region; Table S1 available as Supplementary Data at Tree Physiology Online; Figure 5 ). With respect to the leaf region, under well-watered conditions, the highest g L (28.2 ± 5.6 mmol m −2 s −1
, n = 4) was detected on the adaxial side of the leaf in a region close to its base and this value was decreasing towards the leaf tip ( Figure 5A ). During the day, g L was always significantly greater under well-watered compared with drought conditions in all three regions of the adaxial leaf side ( Figure 5A ). In contrast, no differences in g L measured on the abaxial side were detected between well-watered and drought conditions. Both magnitudes were on average more than two times lower compared with these on the adaxial side (see Table S1 available as Supplementary Data at Tree Physiology Online; Figure 5A and C). During the night, g L did not differ between both leaf sides but these values were significantly lower compared with daytime (see Table S1 available as Supplementary Data at Tree Physiology Online; Figure 5B and D). In addition, no differences were found in g L in any of the leaf regions measured during drought and well-watered periods at night ( Figure 5B and D) , resulting in average night g L of 2.6 ± 1.4 mmol m −2 s −1 (n = 53).
Plant water potential and hydraulic capacitance
The water potentials of individual plant organs were measured during the night at the end of the treatment period, when the SFS was constantly at a minimum ( Figure 2 ) and the plants were exposed to Ψ S lower than −1.5 MPa. The water potential of all organs was typically higher than Ψ S , but not lower than −1.1 MPa (Table 3) . Considering Ψ P across the plant body, there was an increasing gradient from Ψ PL towards Ψ PSL (Table 3) . Interestingly, Ψ PR was lower than Ψ PSL , although the difference was not significant (Table 3) . Similarly, π R was slightly lower (P = 0.294) than π S (−0.49 ± 0.18 MPa vs −0.30 ± 0.27 MPa, respectively, n = 4). Cumulative water release increased in linear fashion with decreasing Ψ P in the initial phase of the water release curve (see Figure S2 available as Supplementary Data at Tree , n = 4). Similarly to C, RWC was higher in roots (89.3 ± 4.0%, n = 4) than in stem stele (85.2 ± 2.0%, n = 4), although no significant differences were proven for either C or RWC between both organs.
Anatomical observations and analyses
The leaves were covered with a 1.24 ± 0.22 μm (n = 12) thick cuticle containing incorporated prismatic calcium oxalate crystals (Table 4 ; Figure 6B and C). Stomata were of the Amaryllis type, either slightly or not bulging ( Figure 6B and C). The cuticle was laid on the surface of the guard cells in the stomatal aperture ( Figure 6B ). The stomata were present on both the adaxial and abaxial leaf sides (amphistomatous leaves; see Table S2 available as Supplementary Data at Tree Physiology Online). The average L ST was 28.3 ± 2.6 μm (n = 324), with no significant differences observed across the leaf regions (see Table S2 available as Supplementary Data at Tree Physiology Online). The stomata density was almost two times higher on the abaxial compared with the adaxial side of the leaf (41 ± 10 vs 22 ± 7 stoma per mm 2 , n = 18; P < 0.001; see Table S2 available as Supplementary Data at Tree Physiology Online). Most of the leaf volume was occupied by densely packed parenchyma cells with only negligible intercellular spaces ( Figure 6A ). Numerous sclerenchyma rings were observed on the adaxial side just below the epidermis. On the abaxial side, the rings were rather scarce, but several collateral vascular bundles reinforced with a thick-walled sclerenchyma sheath were present in this region (see Table S2 available as Supplementary Data at Tree Physiology Online; Figure 6A ). The majority of the main stem (around 86%) comprised parenchyma tissue characterized by relatively thin-walled parenchyma cells (DWT; 2.8 ± 1.4 μm, n = 300) with apparent simple pits situated in their radial and tangential cell walls ( Figure 7 ) and schizogenous intercellular spaces. Dissimilarities in the DWT of the parenchyma cells were observed between different stem regions, where parenchyma cells forming the cortex had thinner walls compared with those in its stele, and the DWT of the parenchyma cells was almost two times greater at the margin of the stele than in its central region (F = 375.71, P < 0.001; Table 4 ). The relative proportions of stele in the stem were~1.8 times greater compared with the cortex (64.0 ± 0.8% of the total stem volume, n = 4). The collateral vascular bundles were randomly distributed across the stele and their density increased centrifugally ( Figure 6D ).
In contrast to the stem, the primary roots contained proportionally smaller stele compared with their cortex (16.0 ± 8.8% of the total root volume, n = 13). In all cross-sections, endodermal cells were in the tertiary developmental stage characterized by thick cell walls (Table 4 ; Figure 6G ). The cortex in the roots contained thin-walled parenchyma cells surrounded by intercellular spaces, similar to the ground tissue in stem. An exodermis was always present in the observed sections and was composed of one to several layers of suberized/lignified cells ( Figure 6F ). The thickness of exodermal cell walls was almost three times lower compared with those in the endodermis (P < 0.001; Table 4 ).
Analyses of non-structural carbohydrates
Selective staining did not confirm the presence of either starch grains or inulin-type fructans in any organs (excluding starch in chloroplasts), suggesting soluble NSC to be the major representatives of carbohydrate pools in D. marginata plants. According to the spectrophotometric analysis, c S was about 41% higher in roots than in stem (P = 0.038; Figure 8B ). The D1 and D2 Tree Physiology Online at http://www.treephys.oxfordjournals.org plants had significantly higher c S (P < 0.001) in both roots (by 58%) and stems (by 57%) compared with the D3 and D4 plants exposed to the long-term drought periods ( Figure 8A) .
From the total list of soluble NSC tested, only fructose, glucose and sucrose were detected in tissues of the other set of D. marginata plants. The amount of fructose and glucose decreased in the direction from leaves to roots by 85% and 93%, respectively. In contrast, the amount of sucrose was maintained at a similar level across all organs (Figure 9 ). Of the three detected NSC, fructose and glucose predominated in the leaves and upper stem region, while the proportions of all three sugars were similar in the basal stem region and sucrose predominated in the roots (Figure 9 ). Total a S was found to be 61% lower in roots than in the whole stem, which was in contrast to the results for c S .
Discussion
Water loss during drought (e.g., Burghardt and Riederer 2003 , Caird et al. 2007 , Howard and Donovan 2007 , Zeppel et al. 2010 . We believe that the minimum g L measured during the night approaches cuticular transpiration, because only low SFS was observed during that time and, in particular, because nearly identical values of g L were measured during both drought and well-watered conditions. Although it is possible that some stomata remained partially open during the night regime, these two aforementioned observations together with low VPD (~0.2 kPa) and low soil water availability disclaim occurrence of noticeable nocturnal stomatal transpiration in the Dracaena plants studied (Dawson et al. 2007 , Rosado et al. 2012 . Interspecific comparison of average night g L (2.6 mmol m −2 s −1 ) suggests, rather, the intermediate resistance of D. marginata leaves to water loss via cuticular transpiration, which is also consistent with the thin cuticle layer observed. The relatively permeable cuticle in combination with the low Ψ PL maintained by the accumulation of osmotics may, on the other hand, balance water loss and simultaneously promote foliar water uptake during periods of high air humidity (Limm et al. 2009 ). Apart from water loss via the cuticle, water can be released from roots into soil along the plant-soil water potential gradient, typically when Ψ S drops below Ψ PR (Bleby et al. 2010) . However, our measurements did not reveal the presence of reverse sap flows during the day or night, even at the end of the long-term drought period ( Figure 2C and D) . We suppose that well-developed apoplasmic barriers in roots coupled with their hydraulic isolation from aboveground organs substantially contributed to the reduction of water loss from both roots and stem to soil ( Figure 6F and G). and abaxial (C, D) leaf side. Measurements were performed under conditions of low (black bars) and high soil water availability (grey bars) in three different regions relative to the leaf longitudinal axis-basal, central and terminal. Error bars represent SD (n = 3-13). Asterisks show significant differences between well-watered and drought conditions at P ≤ 0.05 (*) and P ≤ 0.001 (***), respectively. Note the different scale used for both leaf sides. Table 3 . Water potential (in MPa) of leaves from upper part of crown (Ψ PL ), upper region (Ψ PSU ) and lower region of the main stem (Ψ PSL ), primary roots (Ψ PR ), and soil (Ψ S ) measured during the night at the end of the treatment period in four Dracaena marginata plants. Letters denote statistical differences among individual organs at P = 0.018. Compared with passive means of water loss control, the dynamics of the regulation of transpiration during changing water availability may have even more severe implications for water use and hydraulic safety (Sperry 2000 ). All of the tested plants showed very similar behaviour in terms of sensitive stomatal regulation upon decreasing Ψ S . Stomatal closure was initiated at relatively high Ψ S to prevent excessive water loss, as evident from the steep decline in SFS reaching half of its maximum at approximately −0.1 MPa of Ψ S (Figure 4) . Alongside stomata regulation, conduit collapse (Zhang et al. 2016 ) and/or formation of embolism in leaves (Brodribb et al. 2016 , Scoffoni et al. 2016 ) may also participate in reduction of SFS to some extent. With the ongoing decrease in Ψ S , SFS was maintained at a very low and relatively constant level during the day and was Tree Physiology Online at http://www.treephys.oxfordjournals.org accompanied by continuous stem shrinkage reflecting the concomitant usage of water from storage compartments (Figures 2  and 3B ). While the continuous decrease in D S during the middle of the day is of relatively common occurrence due to high transpirational demands (Turcotte et al. 2011 , Urban et al. 2015 , Salomón et al. 2017 ), the step-like pattern of the sudden decrease in D S during late afternoon is obscure ( Figure 3B ). Both mechanistic modelling and supporting observations have evidenced that the reduction in D S is primarily associated with radial water transport between storage compartments and xylem conduits when the xylem water potential is reduced and transpiration exceeds water uptake by the root , 2015 , Pfautsch et al. 2015 . Thus, the sudden decrease in D S during late afternoon may imply the partial opening of stomata preceding stem shrinkage (considering a delay in changes of D S relatively to transpiration) in order to refresh gas exchange and prevent carbon starvation (Sevanto et al. 2014 ). Although we did not measure g L continuously over a day, this explanation seems unlikely, since we did not detect any distinctive increases in SFS during the day ( Figure 3B) . Aside from the transpirationbased withdrawal of water from storage compartments, changes in the osmotic potential of the storage tissue (induced by the sink/source dynamics of osmotically active compounds, i.e., carbohydrates, inorganic ions and amino acids) can additionally determine the variation in D S on the diurnal scale (De Swaef et al. 2013 , Vandegehuchte et al. 2014 . In view of the high concentration of osmotically active NSC in D. marginata tissues (discussed later) and the dynamics of the step-like decrease in D S on a daily scale, changes in osmotic potential may play a role in the utilization of water reserves in D. marginata stem. Nevertheless, transportation of water from the stem towards the roots directed by the translocation of osmotics can be excluded, since we did not detect any negative sap flows. Lacking evidence, we cannot completely ignore the contributions of any of the proposed mechanisms or the influence of the homogeneous conditions in the growth cabinet.
Utilization of water reserves during drought
Both stems and roots of D. marginata showed a pronounced ability to store and release extensive amounts of water. Our results revealed that both roots and stems were capable of releasing more than 1000 kg m −3 MPa −1 of water within the initial phase of the water release curve, which was consistent with the water potential operating range of the studied plants (the water potential of the both organs was always higher than −1 MPa, even after a drought period lasting several days; Table 3 ). The high intrinsic C of D. marginata is a product of the large fraction of thin-walled parenchyma cells forming their organs ( Figure 6E and G), and these properties are well comparable to some stem succulent tree species. For instance, the stems of two baobab trees (Adansonia rubrostipa Jum. & H. Perrier; Adansonia za Baill.) were able to release 1430 and 1100 kg m −3 MPa −1 of water, which was preferentially stored in parenchyma cells occupying as much as 76% of the total xylem area (Chapotin et al. 2006a ). In D. marginata, the parenchymatic tissue was characterized by intercellular spaces that allowed the expansion of the cells during osmotically driven water uptake and helped to maximize their volume (Figure 7) . The numerous simple pits in their lateral walls facilitate the homogeneous distribution of water across the storage tissue, and their position illustrates the prevailing direction of flow during water release. It has been proposed that the ability of parenchyma cells to release water is negatively proportional to the thickness of their cell walls (Jupa et al. 2016) . The lower DWT of parenchyma cells in the cortex and the central region of stele may thereby refer to the preferential role of these regions in the storage/release of water (Table 4 ). In contrast, the higher density of vascular bundles and the greater DWT of parenchyma cells in the marginal region of the stele suggest it to have, rather, a conductive and supportive function important for stem reinforcement. Both their great storage capacity and C allow D. marginata plants to tolerate water losses caused by minimal cuticular and stomatal transpirations during drought periods. Considering that the water release is consistent along the length of the main stem and that the stem in monocots is of homogenous elasticity, the amount of water released from the elastic storage compartments can be approximated according to an equation for stem volumetric change (Čermák et al. 2007) . During the 25-day-long drought period, the reduction of D S by 0.6 and 0.8 mm in D3 and D4 plants corresponded with water loss of 13 and 17 cm 3 , respectively. Such volumes of released water represent 6% and 8% of the maximum amount of water stored in stems at full saturation.
Effect of drought on plant water potential and the concentration of NSC Despite the high RWC (around 90%) maintained in stem and roots even under drought conditions, these organs exhibited relatively low Ψ P . In addition, and against expectation, we detected a decreasing gradient for Ψ P between the leaves and the stem base during midnight (Table 3 ). The occurrence of such a gradient along the plant body reflects well the conditions of running transpiration during the day, while Ψ P is typically equable across all plant organs at night, when the stomata are closed (McCully 1999) . This discrepancy may result from two participating factors. (i) The observed gradient could be a residual effect of transpiration. Because the measurements of Ψ P were performed 2-4 h after the night regime was initiated (and not at predawn), it is probable that the gradient in Ψ P was unable to fully equilibrate. This presumption is supported by the gradually decreasing SFS detected during the early evening hours, such a gradual decline illustrating the slow dynamics of Ψ P equilibration ( Figure 3B ). (ii) The gradient could also partly originate from a decreasing amount of osmotically active compounds in the direction from leaves to stem, as confirmed on soluble NSC (Figure 9 ). The maintenance of high a S in leaves and the upper part of the stem has been proposed as a mechanism that allows the passive loading of phloem and also helps to offset wholeplant hydraulic conductance in larger trees in particular (Fu et al. 2011) . Similar principles can also be expected for D. marginata. The decreasing amount of NSC from leaves to the stem base may facilitate the acropetal transport of water, as well as its homogeneous utilization from reserves during drought to cover transpiration loss, and it may also support the restoration of depleted reserves after watering. As parenchyma cells predominate in all organs of D. marginata, the high concentrations of solutes keep parenchyma cells turgid, which may not only be essential for their expansion and for plant growth at lower Ψ S , but also important for plant mechanical performance. The importance of the osmotic adjustment of Dracaena's tissues is emphasized by generally high c S measured in both stems and roots (~180 and 250 mM, respectively; values corresponding to glucose) as well as by enhanced amounts of fructose and glucose (Figure 9 ), because these two soluble sugars mediate lower osmotic potential compared with sucrose at a given concentration (Jensen et al. 2013) .
In general, the NSC stored in plant tissues contribute only marginally to plant growth and development during well-watered conditions, when actual demands are covered by photosynthetic activity (Deslauriers et al. 2014) . Nevertheless, their significance increases during severe drought conditions, when closed stomata prevent CO 2 uptake and photosynthesis is suppressed (Deslauriers et al. 2014) . Early stomata closure at decreasing Ψ P may thus result in reduced c S , as observed in both D. marginata plants subjected to long-term drought periods ( Figure 8A ). The partial opening of stomata during daytime of drought periods (see the nonzero values of SFS and the two times higher values of g L during the day in Figures 2 and 5 ) may facilitate the maintenance of photosynthesis and consequently osmotic adjustment of the tissues. The associated costs in the form of enhanced water loss are covered from the rich water reserves.
In contrast to the aboveground organs, carbohydrate allocation and metabolism in roots seem to be more complicated. In Figure 9 . Amount of soluble non-structural carbohydrates (a S ; glucose, black bars; fructose, white bars; and sucrose, light grey bars) in leaves (L), upper (US) and lower region of the main stem (LS), and roots (R). Total a S (total-dark grey bars) represents sum of fructose, glucose and sucrose in individual organs. Error bars represent SD (n = 4). Significant differences are depicted at P < 0.05 where relevant.
Tree Physiology Online at http://www.treephys.oxfordjournals.org our study, both lower Ψ PR and π R were likely caused by higher amounts of osmotic substances in the roots compared with the stem, which also corresponds well with the higher c S detected in roots spectrophotometrically. In contrast, HPLC/ELSD revealed lower a S for glucose, fructose and sucrose in roots compared with stem ( Figure 9 ). Although both analyses were performed on two different groups of plants exposed to slightly different conditions (different levels of irradiance in the growth cabinet in particular), the effect of these differences on the discrepancy in the amount of osmotics between both organs was most likely negligible, especially when considering the unchanged proportions of c S in roots and stem regardless of the intensity of the drought treatment ( Figure 8A ). As large differences in absorption coefficients among sugar types can produce significant errors in the analysis of sugar mixtures (Chow and Landhäusser 2004, Albalasmeh et al. 2013) , the spectrophotometric measurements may have been affected by other types of dissolvable sugar which were, however, not detected by the sugar-specific HPLC/ELSD method. Although we were not able to identify the specific type(s) of soluble NSC in our study, ribose, xylose, fucose, arabinose, mannose, galactose and rhamnose can be excluded from the potential list because they were not detected with the HPLC/ELSD.
The accumulation of higher concentrations of osmotically active compounds in roots may help to passively retrieve water from soil during the initial phase of soil drought, until Ψ S drops below Ψ PR (approximately −0.7 MPa in the plants tested), and, oppositely, prevent water loss from roots when the soil starts to desiccate and transpiration has already stopped. Moreover, the accumulation of osmotics in root stele isolated by endodermis is an important prerequisite for the production of root pressures (see Movie S1 available as Supplementary Data at Tree Physiology Online), which help to restore depleted reserves after watering (Kramer and Boyer 1995, Enns et al. 2000) .
Restoring transpiration and reserves after watering
After watering, plants readily opened their stomata to renew gas exchange. It is worth noting that D. marginata plants preferentially opened their stomata on the adaxial sides of leaves under conditions of high water availability, while the denser stomata on the abaxial sides participated rather marginally to the daily g L ( Figure 5A and C) . This is in contrast to the tendency observed in the majority of species with amphistomatous leaves, which open stomata preferentially on their leaves' abaxial sides in order to reduce water loss at the cost of unchanged CO 2 exchange (Tari 2003 , Driscoll et al. 2006 . The reason for this preferential unilateral opening of stomata remains unknown at this time.
The high resistance of the diffusion pathway resulting from concomitantly low DE ST and the small dimensions of stomata contributes to the reduction of water loss during running transpiration and promotes more cost-effective water management. For a better illustration, the maximum g L measured in the field ranged between 500 and 1000 mmol m −2 s −1 in A. rubrostipa and A. za (Chapotin et al. 2006b ), while some Panama palm trees from the family Arecaceae growing in understory exhibited substantially lower g L -typically between 160 and 300 mmol m −2 s −1 (Santiago and Wright 2007) . In our study, the maximum g L measured at the leaf base was only 28 mmol m −2 s −1
, which was similar to values measured on Adansonia trees under drought conditions (Chapotin et al. 2006b ).
The recovery of transpiration initiated immediately after watering (Figure 2 ) combined with the high concentration of osmotics and dense interconnectivity of the parenchyma tissue promoted the efficient restoration of depleted water reserves. For reserves to be restored during running transpiration, the xylem water potential must be maintained above the water potential of the storage compartments through stomata regulation (partial closure), aquaporin activity in roots (Laur and Hacke 2013) and recovery from embolism (Secchi and Zwieniecki 2016) . Consistent with this, SFS typically did not reach more than half of its maximum value during the first day after watering, suggesting that the restoration of water reserves after the drought period was more important than maximizing carbon gain (Figure 2) . Surprisingly, we observed this behaviour even in plants irrigated at short intervals, which depleted proportionally lower volumes of stored water (Figure 2A and B) .
The restoration of water reserves initiated during the day continued at night, when D S increased continuously and nocturnal flows were detected (Figure 2 ). Since g L was very low during the night, the nocturnal flows were products of root pressure and passive water uptake along the osmotic gradient, which allowed the restoration of water reserves with only a negligible loss of water, in contrast to plants undergoing nocturnal transpiration (Daley and Phillips 2006, Caird et al. 2007 ).
Conclusions
Our results show that the monocot D. marginata is well adapted to the conditions of long-term periods of limited water availability, and that this successful adaptation is also due to specific anatomical features and physiological mechanisms promoting its drought resistance. The combination of the early response of stomata to drying soil, the extraordinary ability to store and release water provided by parenchyma-rich roots and stems, as well as the accumulation of high amounts of osmotic compounds allow these plants to avoid excessive water loss, tolerate limited water availability on a long-term basis and readily restore their reserves after watering. The interrelation between osmotics and plant structure seems to play a crucial role in drought resistance, giving a possible direction to future research on this plant group. To the best of our knowledge, this is one of the first studies focusing on mechanisms related to water management in Dracaena plants. However, although our results bring several novel insights into the behaviour of D. marginata under conditions of variable water availability in soil, we conducted our experiments only on cutting transplants exposed to artificially induced conditions. Moreover, these plants were characterized by primary growth stage only. Therefore, follow-up research should be focused on older plants with secondary growth inhabiting conditions in situ to confirm the validity of these findings on an ecological scale.
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